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Objecfives. This study was undertaken to determine the mech- 
anism by which improvement in hemodynamic variables may 
occur with dual-chamber pacing in patients with severe left 
ventricular dysfunction. 
Background. Dual-chamber pacing has recently been proposed 
as a therapeutic alternative for the relief of symptoms in patients 
with dilated cardiomyopathy. 
M&u&. Fifteen patients with severe left ventricular systolic 
dysfunction were studied acutely during atrioveotricular (AV) 
sequential pacing at various AV intervals (60, 100, 120,140,180 
and 240 ms) with use of combined Doppler velocity curves and 
pressures obtained by high fidelity manometer-tipped catheters 
and thermodilution cardiac output. 
Rem&s. Neither cardiac output nor mean left atrial pressure 
was significantly different when hemodmamic variables in the 
baseline state were compared with those during AV sequential 
pacing at the various AV intervals in all patients. The patients 
were classified into two groups. In group I (eight patients with PR 
Congestive heart failure is one of the leading causes of 
morbidity and mortality in the United States (1). In most 
patients, signs and symptoms of heart failure are the result of 
an enlarged, poorly contractile left ventricle. Therapy has been 
directed toward lowering pre!oad, reducing afterload, improv- 
ing contractility and interfering with the detrimental neurohu- 
moral mechanisms activated in heart failure (2,3). Although 
reduction in severity of symptoms and even survival are now 
possible with the current medical armamentarium, many pa- 
tients remain in whom progressive intractable symptoms de- 
velop despite optimal medical therapy (4). 
Recently, dual-chamber pacing was proposed as a thera- 
peutic alternative for relief of symptoms in patients with 
dilated cardiomyopathy and severe heart failure unresponsive 
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intervals >200 ms on the rest 1Zlead electrocardiogram), cardiac 
output was significantly increased when AV sequential pacing at 
the optimal AV interval to output was compared with that at the 
baseline state (3.0 & 1.0 vs. 3.9 5 0.43 liters/&, p = 0.005) 
because timing of mechanical atrial and ventricular synchrony 
was optimized. In addition, left ventricular end-diastolic pressure 
and duration of diastolic filling were increased, and diastolic 
mitral regurgitation was abolished. In group II (seven patients 
who had normal AV conduction at rest), cardiac output during AV 
pacing decreased Prom the baseline value witbcut change in the 
diastolic filling period. 
Conclusions. Dual-chamber pacing may improve acute hemo- 
dynamic variables in selected patients with dilated cardiomyopa- 
thy, mainly by optimization of the timing of mechanical atrial and 
ventricular synchrony. Reestablishment of the optimal diastolic 
filling period and abolition of diastolic mitral regurgitation may 
also contribute to hemodynamic improvement. 
(J Am CoU Cardiol1995;X281-8) 
to optimal medical therapy (5-7). Initial reports have demon- 
strated a subjective abatement in symptoms as well as an 
objective increase in ejection fraction and cardiac output at 
short-term follow-up in patients undergoing dual-chamber 
pacing with short atrioventricular (AV) intervals (5-7). HOW- 
ever, these reports were only observational studies with small 
numbers of patients, and the mechanisms by which this im- 
provement was obtained have been speculative. In addition, it 
is unknown whether all patients with left ventricular systolic 
dysfunction respond to dual-chamber pacing or whether the 
beneficial effect is limited to a select subgroup of patients. 
The purposes of this study were 1) to determine the 
mechanisms by which dual-chamber pacing may improve he- 
modynamic variables in paGents with left ventricular systolic 
dysfunction, and 2) to determine whether all patients with 
severe left ventricular systolic dysfunction have improvement. 
This report presents the results of an acute hemodynamic study 
in which combined high fidelity pressures and Doppler velocity 
curves were used in patients undergoing temporary dual- 
chamber pacing at different AV intervals. 
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Methods 
Patients. The study included patients referred to the car- 
diac catheterization laboratory for diagnostic cardiac catheter- 
ization who had an ejection fraction ~30%. Patients were 
excluded if they wete in atria1 fibrillation or atria1 flutter or if 
there were muitipie premature contractions. Other exclusions 
were hemodynamic instability, inability to give informc;d con- 
sent, increased prothrombin time and documented left ventric- 
ular thrombus. This study was approved by the Mayo Clinic 
Institutional Review Board, and informed consent was ob- 
tained from each patient. 
There were 17 patients who met these criteria and agreed to 
participate in the study. Because stable dual-chamber pacing 
could not be achieved in 2 of the patients (1 with intermittent 
Wenckebach conduction and 1 in whom the atrium could not 
be consistently sensed or captured), 15 patients were included 
in the analysis (11 men, 4 women; mean age 67 years, range 54 
to 80). All had symptoms of heart fqiiure, with 11 in New York 
Heart Association functional classes Ii1 and IV and 4 in class 
II. Mean ejection fraction was 19% (range IO% to 30%). Six 
patients had grade 3 or 4 mitral regurgitation documented by 
Doppler echocardiography or left ventriculography, or both. 
Seven patients had severe coronary artery &ease thought to 
be responsible for the severe systolic dysfunction. The diagno- 
sis in the remaining eight patients was idiopathic dilated 
cardiomyopathy because severe left ventricular dysfunction 
was present without severe coronary artery disease or other 
possible cause for the left ventricular dysfunction. 
Thirteen patients were in sinus rhythm on presentation to 
the cardiac catheterization laboratory. The remaining two 
patients had a previously implanted dual-chamber pacemaker 
and were being paced in a P synchronous mode with an AV 
delay of 250 ms. The patients in sinus rhythm had a mean PR 
interval of 225 ms (range 100 to 400). Eight patients had a 
normal QRS duration; the remaining seven had right bundie- 
branch block (one patient), paced QRS (two patients) and left 
bundle-branch block (four patients). 
Cardiac catheterization procedure. All patients were stud- 
ied in the fasting state. Medications were not withheld before 
the study for ethical reasons. Medications included digoxin (14 
patients), diuretic drugs (14 patients), angiotensin-converting 
enzyme inhibitors (14 patients) and amiodarone (4 patients). 
No other inotropic or antiarrhythmic agents were being taken 
at the time of the study. A standard percutaneous Seldinger 
technique was used to gain access in the femoral veins and 
arteries. For direct measurement of left atria1 pressure, trans- 
septai cardiac catheterization was performed with use of an 8F 
Muiiins sheath. Five thousand units of heparin was given after 
completion of the transseptai puncture. This sheath was ini- 
tially placed across the mitral valve into the left ventricle, and 
a custom-designed 7F dual-sensor Milar catheter was placed 
through the sheath for measurement of left ventricular pres- 
sure. The catheter had two high fidelity manometer sensors 
placed at the distal end and 4 cm proximal to the end. The two 
high fidelity pressures were zeroed and calibrated to the 
flaid-filled left ventricular pressure measured from the side 
arm of the sheath, as previously described (8,9). Tile sheath 
was then withdrawn to the left atrium, so that the distal sensor 
was in the left ventricle -2 cm distal to the mitral annuius, and 
the proximal sensor was in the left atrium. The high fidelity left 
atria1 pressure was then rebalanced to match the high fidelity 
left ventricular pressure at mid-diastoie during long filling 
periods. In three patients, transseptai cardiac catheterization 
was not performed, and left atria1 pressure was indirectly 
measured by pulmonary capillary wedge pressure with a 7F 
end-hole Lehman catheter (confirmed by >97% saturation). A 
2F high fidelity manometer-tipped catheter was then placed 
inside the lumen of the catheter, and appropriate balance and 
calibration were adjusted to the fluid-filled pressure (8,9). All 
pressures were digitized at high speed acquisition (5ms inter- 
vals) onto an off-line computer at held end-expiration. 
A thermodiiution balloon-tipped catheter was then placed 
in the pulmonary artery for measurement of cp* &put 
and pulmonary artery pressure. Cardiac outpLl :ncn as 
the average of three consecutive measurements that were 
within 15% of one another. A 6F pigtail catheter was placed in 
the ascending aorta for measurement of systemic pressures. 
Two 7F bipolar pacing catheters were then placed in the right 
atria1 appendage and apex of the right ventricle in 13 patients. 
The position of these catheters was confirmed by both fluoros- 
copy and two-dimensional echocardiography. In the remaining 
two patients, the previously implanted dual-chamber perma- 
nent pacemaker was used. 
Doppler mitral inflow velocity was recorded simultaneously 
with the pressures obtained by the high fidelity manometer- 
tipped catheter. A pulsed wave sample volume was placed at 
the level of the mitral leaflet tips @JO). The Doppler velocity 
curves and left atria1 and left ventricular pressures were 
printed out on hard copy at 100 mm/s (Fig. lj. Continuous 
wave Doppler measurement of the mitral regurgitation signal 
was performed to determine the presence or absence of 
diastolic mitral regurgitation. 
Pacing protocol. Patients underwent measurement of high 
fidelity left atria1 and left ventricular, pulmonary artery and 
systemic pressures; cardiac outputs; and mitral flow velocity in 
the baseline state (in normal sinus rhythm [13 patients] or at 
the previously set AV interval of 250 ms [2 patients]). The 
patients then underwent P synchronous pacing at AV intervals 
of 60, 100, 120, 140, 180 and 240 ms or until there was 
anterograde AV node conduction. Pacing in each state was 
performed for S min for equilibration of hemodynamic vari- 
ables, and the aforementioned cardiac catheterization and 
Doppler variables were then measured. In four patients, P 
synchronous pacing could not be obtained because of inade- 
quate P wave sensing. These patients underwent atria1 pacing 
at a heart rate of 10 beats/min above the rest sinus rate for a 
baseline state and AV sequential pacing at the same AV 
intervals. 
Analysis. The following pressure measurements were 
made directly from the computer-digitized pressures (Fig. 1): 
systolic systemic blood and pulmonary artery pressures, mean 
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Figure 1. Simultaneous mitral Doppler fow velocity curve and high 
fidelity manometer-tipped left ventricular (LV) and left atria1 (LA) 
pressures. The patient is undergoing P synchronous pacing at an 
atrioventricular interval of 240 ms. The ventricular pacemaker spike is 
shown on the electrocardiogram (EKG). Left ventricular end-diastolic 
pressure (LVEDP) is measured as the left ventricular pressure just 
before the onset of ventricular systole. The duration of the onset of 
atria1 contraction to the onset of ventricular contraction is labeled A to 
LV, with the onset of atria1 contraction defined as the onset of the 
increase in left atria1 pressure. Measurements of the mitral flow 
velocity curve inciude the peak initial velocity (E), velocity at atria1 
contraction (A) and the diastolic filing period (DFP). The diastolic 
filling period is the interval fron; tb; ,aset o,f the E velocity to the 
cessation of the A velocity. An extraF.)lation of the initial deceleration 
of blood flow down to the baseline is nade, and the deceleration time 
(DT) is measmed OS the time frown the peak E velocity to the 
interception of the deceleration of C!ow with the baseline. In this 
patient, left ventricular pressure increases above left atria1 pressure at 
the end of the diastolic filling period, resultl,g in diastolic mitral 
regurgitation (MR). 
left atria! pressure, time constant of reiaxation (tau) and left 
ventricular end-diastolic pressure. Tau was measured as pre- 
viously described by the method of Weiss et al. (11) using a 
zero asymptote from peak negative rate of decrease of left 
ventricular pressure over time (dP/dt) to 5 mm Hg above the 
previous left ventricular end-diastolic pressure (8,9). Left 
vp,ntricular end-diastolic pressure was taken as the left ventric- 
ular pressure at the onset of left ventricular contraction. The 
interval from the onset of mechanical atria1 contraction to the 
onset of ventricular contraction was measured from the com- 
bined high fidelity left atria1 aud left ventricular pressure 
curves. The mitral flow velocity curves were measured off-l& 
by hand, as previously described (BJO), for measurement of 
early filling velocity (E), atria1 filling velocity (A), deceleration 
time and diastolic filling period. 
Variables at AV sequential pacing modes were compared 
by repeated measures of variance. If there was a significant 
diErence between the time periods, each pacing mode was 
Table I. Hemodynamic Variables During Dual-Chamber Pacing 
Pacing Mode 
Arrioventricular Interval 
- 
Baseline 60 ms 100 ms 120 ms 
(n = 15) (n = 15) (n = 15) (n = 12) 
SBP (mm Hg) i33 c 32 131 c 31 136 c 31 139 % 35 
LA pressure (mm Hg) 28 i 12 z-t11 292 10 292 11 
Tau (ms) 64 2 17 73 + 19* 72 2 l?? 70 2 ts* 
Cardiac output (liters/min) 3.7 It 1.4 3.4 f 1.0 3.9 F 1.1 3.8 + 0.9 
Diastolic filling period (ms) 251 2 71 316+llot 2932 75 295 k 99 
LVEDP (mm Hg) 28 t 10 27~10 29?r 11 294 11 
*p < 0.01 compared with baseline. fp < 0.05 compared with baseline. Data 
presented are mean value 2 SD. LA = left atria]; LVEDP = left ventricular 
end-diastolic pressure; n = number of patients; SBP = systolic blood pressure; 
Tau = time constant of relaxation. 
compared with the baseline state by a two-tailed paired t test. 
Variables at baseline with the shortest (60 ms) or the optimal 
AV interval were compared by a two-tailed paired t test. 
Percent change in cardiac output and percent change in either 
left ventricular end-diastolic pressure or duration of the dia- 
stolic filling period were compared by a regression analysis. 
Percent change in cardiac output between the two groups was 
compared by a two-sample I test. Significance was set a priori 
at the p < 0.05 level. 
Results 
The initial analysis compared the hemodynamic variables at 
the baseline state with those during the shortest AV interval of 
60 ;ns (Table 1). This comparison w-as done in view of the 
report by Brecker et al. (7), which demonstrated that the 
optima1 clinical benefit occurred at the shortest AV intervals. 
There was no significant change in mean left atria1 pressure or 
cardiac cstput between the baseline state and AV sequential 
pacing at the shortest AV interval of 60 ms. There was a 
sign%-ant increase in tau when the baseline state was com- 
pared with dual-chamber pacing at an AV interval of 60 ms 
(64 ? 17 vs. 73 2 19 ms, p < 0.01). 
The variables were then examined at the multiple different 
AV intervals (Table 1). All 15 patients had all variables 
measured during the baseline state and during AV intervals of 
60 and 100 ms. Because of native anterograde AV conduction 
at the longer AV iniervais, a smaller number of Fatients had 
variables measured at the longer AV intervals (120 ms, 12 
patients; 140 ms, 7 patients; 180 ms, 7 patients; and 240 ms, 6 
patients). There was no significant difference in mean left atria1 
pressure between the various AV intervals. There was a 
consistent increase in tau in all pacing modes compared with 
that at the baseline state. There was no significant difference in 
average cardiac output between the baseline state and the 
dual-chamber pacing modes. However, as shown in Figure 2, 
there was a wide variation in the cardiac output response; some 
patients had a decrease and others an increase in cardiac 
output at different AV intervals. 
Tile patients were retrospectively classified into two groups 
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Figure 2. Changes in cardiac output (CO) in individual patients during 
the baseline state and each of the atrioventricular (AV) delays. There 
was no significant difference in the average cardiac output be?,veen the 
various dual-chamber pacing modes and the baseline state, although a 
wide variation in the responses was present. 
on the basis of baseline PR interval measured from the 1Zlead 
electrocardiogram. Group I included eight patients in whom 
the PR interval was long (>200 ms) and the two with perma- 
nent pacemakers and a previously set AV interval of 250 ms; 
group II included seven patients who had a short or normal PR 
interval (1200 ms). Mean PR interval for group I was 283 2 
51 ms (range 230 to 400); for group II it was 157 c 36 ms 
(range 100 to 200). 
Seven of eight group I patients had an abbreviated diastolic 
filling period in the baseline state (Fig. 1 and 3) due to an 
increase in left ventricular pressure above the left atria1 
pressure during atriai contraction, In these seven patients iu 
the baseline state, left ventricular diastolic pressure had de- 
creased to a nadir at the onset of ventricular contraction after 
the initial increase from atrial contraction. Thus, the end of the 
diastoIic filling period occurred before the onset of ventricular 
systole. Five of the seven patients had diastolic mitral regurgi- 
tation in the baseline state (Fig. 4). An optimal AV interval 
during dual-chambe * nxing was selected on the basis of the 
temporal relation ot a 11 and ventricular contraction assessed 
on the high fidelity lef dentricular pressure curve (12). The 
optimal AV interval #as selected as the interval when the 
increase in left venrricular press”:q from left ventricular 
contraction would begin after the peak of the increase in left 
ventricular pressure from atria1 contraction but before atria1 
relaxation was cc* te. Atrioventricular sequential pacing at 
this optimal PI\’ ;.n 11 resulted in lengthening of the diastolic 
filling periof + ~1. The optimal AV interval was 60 ms in 
one pa’ nf .J ms in three, 120 ms in two and 180 ms in one. 
There was a significant increase from the baseline state in the 
diastolic filling period during this optimal AV interval (215 ? 
58 vs. 314 t 102 ms, p = 0.03). Pacing at the opt;mal AV 
interval produced a significant increase in left ventricular 
pressure just before ventricular contraction (from 27.8 +- 6.0 to 
36.9 2 10.7 mm Hg, p = 0.03) (Fig. 5). Diastolic mitral 
regur@a+ion present in the baseline state in five patients was 
abolis;,c. 1 during AV sequential pacing (Fig. 4). The remaining 
Figure 3. Mitral flow velocity curve and simultaneous left 
atrial and left ventricular pressure curves in a 76-year old 
man in group I (long PR interval) with severe left ventric- 
ular dysfunction (ejection fraction 25%) due to severe 
coronary artery disease. Iie has severe New York Heart 
Association functional class IV symptoms. Left, Atrial 
pacing with anterograde nat+- conduction and a long 
atrioventricular (AV) delay. There is an increase in left ‘., 1. . . . ventricular pressure above left atLEa pressure aurmg atrIal 
relaxation in mid-diastole (arrowhead), culminating in a 
shortening of the diastolic filling time and the onset of 
diastolic regurgitation. The baseline cardiac output (CO) is 
3.0 literslmin. Center, Atrioventricular pacing at a shert 
AV interval of 60 ms. Diastolic filling occurs through all of 
diastole. Atrial contraction now occurs simultaneously w.th 
left ventricular contraction, resulting in a lower cardiac 
output than that in the left panel. Note that the mean left 
atrial pressure increased from 31 mm Hg in the left panel 
to 42 mm Hg in the center panel. Right, Atrioventricular 
pacing at the optimal AV interval of 180 ms. The relation 
of atrial contraction to the onset of venuicular contraction 
is now optimal (see text), resulting in diastolic filling 
throughout the entire diastolic filling period. An appropri- 
ate relation now exists between mechanical left atrial and 
left ventricular contraction, so that the mean left atrial 
pressure is maintained at a low level (34 mm Hg), with left 
atrial contraction occurring just before left ventricular 
contraction. This causes an increase in left ventricular 
end-diastolic pressure to 43 mm Hg, and the cardiac output 
has increased to 5.2 liters/min. 
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Figure 4. Conlinuous wave Doppler image 
of the mitral regurgitation signal and simul- 
taneous left atrial hnd left ventricular pres- 
sure curkes in a patient from group 1. Left, 
Normal sinus rhythm (NSR) with a long 
intrinsic PR interval. Diastolic mitral regur- 
gitation (arrowheads) is due to an increase 
in left ventricular pressure above left atrial 
pressure before ventricular contraction. 
Center, P synchronous pacing (P-SYNCH) 
with a short atrioventricular (AV) interval 
of 60 ms. Diastolic mitral regurgitation is no 
longer present. but there is a decrease in 
cardiac output (CO) from that in the leti 
panel due to an atrial contraction that is 
ineffective because it occurs during ventric- 
ular contraction. Right, P synchronous pac- 
ing at the optima! HV interval (100 ms). 
Diastolic mitral regurgitation is no longer 
present. Left 1 entricular diastolic pressure 
increases appropriately at the onset of ven- 
tricular contraction. Left ventricular pres- 
sure has increased from 30 mm Hg in the 
left panel to 43 mm Hg in thz right panel. 
patient in group I had no evidence of mechanical atriai 
contraction on either the left atria1 pressure or the mitral flow 
velocity curve. The hemodynamic variables were similar during 
sinus rhythm and at the different pacing states in this patient 
(Fig. 6). 
The degree of increase in cardiac output varied during 
dual-chamber pacing at the optimal AV delay in group I 
patients. There was no change in cardiac output Gth duai- 
chamber pacing in the patient without mechanical atriai con- 
traction (Fig. 6). The other two patients in whom a change in 
cardiac output was minimal or insignificant had an incltPou ;rl 
left atrial and left ventricular pressures during atriai contrac- 
tion <5 mm Hg even though atriai function was still evident on 
the Doppler mitral velocity curve (Fig. 7). Pacing at too short 
an AV interval actually resulted in a decrease in cardiac output 
in five patients (Fig. 3 and 4). 
In the seven group II patients, the increase in ventricular 
pressure from ventricular contraction occurred before atria1 
relaxation was complete in the baseline state. There was no 
change from the baseline state in cardiac output at the 
different AV intervals of >6C ms. For the AV interval of 60 ms, 
cardiac output decreased significantly (from 4.2 t 1.8 to 3.4 +- 
1.3 liters/min, p < 0.01) compared with the baseline state (Fig. 
8). There was no change in the diastolic filling period between 
the baseline state and any of the pacing states. No patient in 
group II had diastolic mitral regurgitation. 
Overall, cardiac output increased 38% with AV sequential 
pacing in group I patients (PR interval >200 ms) and de- 
creased 23% in group II patients (PR interval 5200 ms, p = 
0.0004). There were no significant differences with regard to 
the effect of AV sequential pacing on cardiac output between 
1) patients with idiopathic dilated cardiomyopathy and those 
with severe coronary artery disease; 2) patients with grade 1 or 
2 mitral regurgitation and those with grade 3 or 4 mitral 
regurgitation; and 3) patients with functional class I or II 
symptoms and those with functional class III or IV symptoms. 
There was a direct relation between the percent change in 
cardiac output with AV sequential pacing and that in left 
ventricular pressure at the time of ventricular contraction, so 
that an increase in the left ventricular end-diastolic pressure 
resulted in an increase in cardiac output (p = 0.03). There was 
also a direct relation between ihe percent change in cardiac 
output with AV sequential pacing and percent change in the 
diastolic filling period (p = 0.05). However, a decrease in 
cardiac output occurred without a significant change in dia- 
stolic filling period in 44% of instances. Similarly, there was no 
change in cardiac output despite an increase in the diastolic 
filling period in 16% of instances. 
Figure 5. Changes in cardiac output (CO) in the eight group I patients 
when the baseline state (base) is compared with the optimal atnoven- 
tricular (AV) interval, as defined in the text. There is a significant 
increase in cardiac output (p = 0.0007~. Circles and vertical lines = 
mean value t SD. *p < 0.05 compared with baseline. 
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Figure 6. A 56-year old man from group I (long PR interval) with 
idiopathic dilated cardiomyopathy and an ejection fraction of 15%. 
There is no mechanical atrial contraction. Mitral flow velocity curves 
and high fidelity left ventricular (LV) and left atrial (LA) pressures are 
shown in the baseline state (BASE) and during P synchronous pacing 
at atrioventricular (AV) intervals of 60, 100 and 120 ms. There is no 
contribution from atrial contraction on either the mitral flow velocity 
curve or the pressure curves. Cardiac output (CO) remains unchanged 
at all four states. This patient had severe symptoms, was in New York 
Heart Association functional class IV and died of progressive heart 
failure 2 months after evaluation. 
Discussion 
Dual-chamber pacing has recently been proposed as a new 
therapeutic modality for patients with severe symptoms from 
dilated cardiomyopathy (5-7). The experience is early and has 
been confined to case reports (13,14) or cohort trials of small 
numbers of patients (5-7). There has been limited insight into 
Figure 8. A 76-year old man from group II (normal PR interval of 
140 ms) with sevclt: idiopathic dilated cardiomyopathy and an ej&on 
fraction of 30%. Mitral flow velocity curves and high fidelity left ventric- 
ular (LV) pressure with the pulmonary capillary wedge pressure (PCWP) 
are shown. Lef?, During normal sinus rhythm (NSR), there is a large 
increase in left ventricular pressure from atrial contraction just before the 
onset of ventricular contraction. This results in a cardiac output (CO) of 
6.1 litersmut and a peak positive rate of increase of left ventricular 
pressure over time (dP/dt) of 860 mm Hg/s. There is fusion of the t&y 
(E) and late (A) waves on the mitral flow velocity curve. Right, P 
synchronous pacing at a short atrioventricular interval of 60 ms (P- 
SYNCH 60). Atrial contraction occurs with the onset of ventricular 
contraction, resulting in a lower cardiac output ;Illd a smaller peak positive 
dP/dt than those in normal sinus rhythm despite the longer diastolic filling 
period seen on the mitral flow velocity curve. 
the pathophysiologic mechanism by which the clinical improve- 
ment occurs because conclusions from these previous reports 
were speculations based only on changes in clinical or nonin- 
vasive Doppler variables. 
Optimization of mechanical AV synchrony. In the current 
report, measurement of left atria1 and left ventricular pressures 
by a high fidelity manometer-tipped catheter were combined 
with invasive measures of cardiac output and Doppler mea- 
sures of diastolic filling during different AV intervals of AV 
sequential pacing. The data support the conclusion from 
Figure 7. A 71-year old man from goup I (long PR 
interval) with severe left ventricular dysfunction due to 
severe three-vessel coronary artery disease and an ejec- 
tion fraction of 18%. In this patient, there was an 
insignificant change in cardiac output during dual- 
chamber pacing. The mitral flow velocity curves and high 
fidelity left ventricular (LV) and left atrial (LA) pressures 
are shown. L&t, Baseline (BASE) atrial pacing with a 
long native anterograde conduction (PR interval 2&l ms). 
There is a shortening of the diastolic tilling period 
(arruwbead) as left ventricular pressure increases above 
left atrial pressure. Cardiac output (CO) is 3.1 liters/mm. 
Right, Pacing at an atrioventrieular (AV) delay of 120 nts 
with optimization of the duration of the diastolic filling 
period, as shown on the mitral flow velocity cntve. 
However, the increase in atrial and ventricular pressures 
at atria1 contraction is <5 mm Hg, and left ventricular 
pressure at the onset of ventricular contraction is un- 
changed from that in the baseline state. There is an 
insignilicant change in cardiac output. 
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animal studies done >3 decades ago (12,15-17) that a properly 
timed, effective atrial contraction is necessary for optimal ieft 
ventricular systolic function by increasing left ventricular end- 
diastolic pressure while maintaining a low mean left atria! 
pressure. It is concluded from the observations in the present 
study that the reestablishment of this optimal mechanical atria1 
and ventricular synchrony by AV sequential pacing produces 
the increase in cardiac output. The effect was greatest in 
patients with long PR intervals during the baseline state in 
whom atria1 contraction occurred so prematurely that the 
“atria1 kick” to ventricular contraction was lost (12-17). Pa- 
tients with a properly timed atria1 contraction already present 
in the baseline state did not benefit (or even deteriorated) 
during acute AV sequential pacing. Patients with ineffective 
atria1 contraction did not benefit from dual-chamber pacing in 
this acute study. The greatest benefit from dual-chamber 
pacing was in patients who had a relatively large increase in left 
ventricular pressure during atrial contraction, suggesting that 
the left ventricle is on the steep portion of the diastolic 
pressure volume curve with a low effective compliance. 
The AV interval required to achieve this optimal AV 
synchrony varies from patient to patient, as demonstrated in 
this study. Left ventricular filling depends on the sequence of 
contraction between the left atrium and left ventricle, which 
may differ from the programmed right atrial-right ventricular 
sequence. The variability between the programmed paced A!’ 
interval and the actual left atria&left ventricular mechanical 
activation sequence depends on the interatrial conduction 
delay (18). For these reasons, one universal AV interval cannot 
be used for all patients undergoing implantation of a duai- 
chamber pacemaker for hemodynamic purposes. 
Other mechanisms of improvement by dual-chamber pac- 
ing. Other interrelated mechanisms may also contribute to the 
hemodynamic improvement by dual-chamber pacing in this 
selected subset of patients. As previously described (7,13,14), 
the diastolic filling period can be increased in certain patients 
by dual-chamber pacing at short AV intervals. In patients with 
long PR intel;als and high diastolic pressures, there is an 
abbreviation of the diastolic filling period because the mitral 
valve prematurely closes when left ventricular pressure in- 
creases above left atria1 pressure after premature atria1 con- 
traction and relaxation. A shorter AV interval lengthens the 
diastolic filling period by abo!ishing this premature mitral valve 
closure. However, the diastolic filling period should not be 
used as the only guideline to optimize the pacing AV interval. 
Despite optimization of t1.i diastolic filling period, hemody- 
namic deterioration may occur at too short an AV interval if 
atria1 contraction occurs against a closed mitral valve (15-18). 
A decrease in cardiac output and an increase in mean left atriai 
pressure may occur at a very short AV interval despite 
optimization of the diastolic filling period. 
Abolition of diastolic mitral regurgitation has also been 
proposed as a mechanism by which dual-chamber pacing may 
improve hemodynamic variables (57,14). Diastolic mitral 
regurgitation occurs as a result of the development of a left 
ventricular-left atriai gradient in diastole induced by atriai 
contraction with premature and incomplete mitral valve cio- 
sure (19-22). If L. large amount of regurgitation can be 
abolished, a beneficial effect is obtained because of a lower left 
atria1 and higher left ventricular preioad at the onset of 
ventricular contraction. The degree to which this mechanism 
plays a role in hemodynamic improvement is currently unclear 
because there is no method by which to accurately measure the 
amount of regurgitant blood flow that occurs during presystole. 
In patients in this and other studies (13,14), improvement was 
documented in the absence of diastolic mitral regurgitation. 
Only continued studies in a large number of patients will be 
able to determine the relative contribution of improvement 
made by abolishing diastolic mitral regurgitation. 
It has been postulated (6) that pacing the apex of the right 
ventricle may have a beneficial effect by producing more 
coordinate contraction and relaxation of the ventricle and thus 
reducing wall tension. Others (23,24) have shown that the 
effect of ventricular pacing and intrinsic left bundle branch 
block is a deterioration in systolic function by disturbance of 
the ventricular activation sequence. The effect of dual-chamber 
pacing on ventricular relaxation was deleterious in the present 
study, as evidenced by the significant prolongation of tau, 
which confirms previous observations in the animal model 
(25). Ventricular relaxation depends on load, nonuniformity 
and deactivation of the contractile sequence (26). Systoiic 
blood pressure was not significantly changed, and there was a 
consistent increase in tau throughout all instances of duai- 
chamber pacing. It is very probable that the increase in tau is 
caused by a more incoordinate contraction and relaxation from 
stimulation of the right ventricular apex. Thus, it is unlikely 
that right ventricular pacing has a d;;ect beneficial effect on 
wail stress. Prolongation of the rate of relaxation is detrimental 
because it will decrease early filling and may potentially 
increase filling pressures during exercise (l&25,26). 
Study limitations. There are limitations to this study. Mea- 
surements of cardiac output were made by thermodilution, 
which is less accurate at low output states and in patients with 
tricuspid regurgitation. However, the mean 38% increase in 
cardiac output with AV sequential pacing in group I patients is 
larger than the potential errors of thermodiiuzion cardiac 
output in this type of patient (27). Fick cardiac output could 
not be used because of muitipte sequential changes in hemo- 
dynamic variables made in this study. Doppler-derived cardiac 
output was initially analyzed from the time velocity integrals 
obtained from the left ventricular outflow tract and mitral 
annulus position but was found to be inaccurate for documen- 
tation of changes because of the relative position of the sample 
volume throughout the study. Although the Doppler mitral 
fiow velocity curve provides information about the reiative 
changes in left ventricular volume, we did not measure absolute 
ieft ventricular voiwne. The full evaluation of diastolic function 
requires measurement of absolute left ventricular volume, as well 
as pressure, to determine the compliance or distensibility of the 
left ventricle. An analysis of right ventricular function was not 
undertaken, which is another limitation of this study. 
The number of patients is small, precluding further analysis 
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of the relative contributions of each of the mechanisms previ- 
ously discussed. There was no statistically significant difference 
in the change in cardiac output from dual-chamber pacing 
when the cause of the left ventricular dysfunction, severity of 
mitral regurgitation or symptoms on presentation were com- 
pared. However, the small sample size could certainly be 
producing a type II statistical error. Another major limitation 
of this study is that it is not known whether the acute 
hemodynamic results actually predict the short- and long-term 
clinical effects of dual-chamber pacing. Changes in position 
due to different preloads and afterloads may affect the re- 
sponse to pacing. In addition, it is possible that the optimal 
programmed pacemaker variables at rest are different with 
increased heart rates or with the catecholamine stimulation of 
exercise (28,291. Prospective long-term follow-up studies of 
dual-chamber pacing in these types of patients will be required 
to answer these questions. 
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Conclusions. We believe that this study is the first to use 
combined catheterization and Doppler methods to investigate 
the physiologic mechanisms by which dual-chamber pacing 
may improve hemodynamic variables and to attempt to iden- 
tify patients who could potentially receive the greatest benefit. 
Dual-chamber pacing may improve acute hemodynamic vari- 
ables in selected patients with dilated cardiomyopathy who 
have a prolonged PR interval, mainly by optimizing the timir,g 
of mechanical atr-ial and ventricular synchrony. Patients in 
whom there is already optimally timed mechanical atria1 and 
ventricular synchrony may not benefit from dus!-chamber 
pacing. Patients may even experience hemodynamic deteriora- 
tion with improper timing of atria1 synchrony with dual- 
chamber pacing. Therefore, permanent pacing should not be 
routinely undertaken in all patients with left ventricular dys- 
function without further carefully performed short- and long- 
term studies. Prospective studies are needed to investigate 
further the mechanisms by which hemodynamic benefit ., 
obtained as well as to study the long-term clinical outcome of 
this new therapeutic modality for patients with severely symp- 
tomatic dilated cardiomyopathy. 
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